networks formed when comparing the aforementioned synthetic gels to 'real-world' AAM systems if the degree of approach to thermodynamic equilibrium is restricted by transport or kinetic limitations.
Replication of the reaction conditions present during alkali-activation of reactive cementitious precursors has recently been achieved [10] by alkali-activation of high-purity synthetic aluminosilicate amorphous precursor powders synthesised via an organic steric entrapment solution-polymerisation route [11] . However, this has not previously been demonstrated for alkali-activation of calcium aluminosilicate precursors. Calcium is present to some extent in the majority of precursors used to produce AAMs, and is a primary constituent of blast furnace slag. Slag, however, contains significant quantities of MgO as well as numerous minor elements (e.g. Mn, Ti) which complicate dissolution and phase formation and possibly alter gel microstructure [12, 13] . Many slags also contain metal sulfides which can undergo redox processes and influence phase formation [14, 15] . Through the use of pure systems, key variables controlling phase formation can be isolated and controlled without the added complexity caused by the presence of additional minor constituents. Synthetic C-S-H and C-A-S-H systems have previously been produced via mixing CaO, SiO 2 and CaO·Al 2 O 3 in water and equilibrating over time [16] [17] [18] [19] , but to provide more accurate replication of the process of dissolution of chemical species from alkali-activated cement precursor particles, pure systems with lower water content must be examined.
In order to accurately replicate the reaction conditions present during alkali-activation of reactive cementitious precursors, this study utilises high-purity synthetic calcium aluminosilicate amorphous precursor powders synthesised via an organic steric entrapment solution-polymerisation route as described in detail previously [11] , to develop a novel method of stoichiometric control of AAMs, following presentation of limited preliminary results in [20] . These AAMs are synthesised from the powder precursors under the same physicochemical conditions which prevail during alkali-activation of commonly used calcium aluminosilicate precursors such as ground granulated blast furnace slag (GGBFS) (i.e. reaction of an aluminosilicate precursor with an alkaline solution). The study presented Preprint of a paper published in Cement and Concrete Research, 89(2016) :120-135. Version of record is available at http://dx.doi.org/10.1016/j.cemconres.2016.08.010 4 here extends this work utilising advanced characterisation techniques including 1 H, 29 Si, 27 Al, 23 Na solid state magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy to provide a new level of insight into the role of precursor chemistry in phase evolution of C-(N)-A-S-H and N-A-S-H frameworks, as well as a detailed discussion of implications of these findings for AAM mix design.
Experimental Procedures

Alkali-activated material synthesis
Precursors were synthesised via an organic steric entrapment solution-polymerisation route [11] , with compositions chosen to exhibit chemistry in regions of the quaternary CaO -Na 2 O -Al 2 O 3 -SiO 2 system which are important for studying C-(N)-(A)-S-H gels (Table 1 (N grade, 37.5 wt %, PQ Australia) and distilled water. Stoichiometry was designed to obtain an activating solution modulus of SiO 2 /Na 2 O = 1, with cation and water/solids (w/s) ratios as outlined in Table 1 . The w/s ratios were chosen in order to achieve comparable paste consistency in all samples and setting within 3 days.
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Previous work has shown that the difference in w/s ratios didn't affect the degree of dissolution of the precursor powders [10, 20] .
Characterisation
For all characterisation techniques except environmental scanning electron microscopy/energy dispersive X-ray spectroscopy (ESEM/EDX), the hardened pastes were ground by hand using a mortar and pestle and immersed in acetone to remove loosely bound water and halt the alkali-activation reaction. This method does not induce any significant changes in the AAM gel structure [33] .
X-ray diffraction (XRD) experiments were performed using a Bruker D8 Advance instrument with Cu K º, dwell time of 3 seconds and a -70º.
Environmental scanning electron microscopy (ESEM) was conducted using an FEI Quanta instrument with a 15 kV accelerating voltage and a working distance of 10 mm. To avoid the need to carbon coat the samples they were cut and immediately evaluated in low vacuum mode (0.5 mbar water pressure) Data collected on the VNMRS-600 spectrometer were processed using NMRPipe [34] , while data collected on the Varian Infinity+ spectrometer were processed using Bruker TopSpin. Deconvolution of the 29 Si MAS NMR spectra was performed using Gaussian peak profiles with assignments made with reference to the literature [35] . The minimum number of peaks possible was used to enable an accurate and meaningful interpretation of the spectra, and peak full width at half height was restricted
Intensities of peaks were required to be consistent with the structural constraints described by the 'Crosslinked Substituted Tobermorite Model' (CSTM) for C-A-S-H products [23] , and the thermodynamics of a statistical distribution of Si and Al sites within a Q 4 aluminosilicate network for N-A-S-H products [36] .
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X-ray Diffraction
X-ray diffractograms of the precursor powders and AAMs cured for 3, 28 and 180 days are presented in Figure 1 . Alkali-activation of all samples produces a broad feature centred at approximately 29º characteristic of AAM and indicating formation of a disordered reaction product consistent with that formed during alkali-activation of GGBFS [13, 27] , and increasing in intensity with reaction time. A broad peak at approximately 29º is assigned to a poorly crystalline C-(A)-S-H phase displaying some structural similarity with aluminium-containing tobermorite (PDF # 19-0052) [27] , formed due to the dissolution and reaction of the amorphous phase from the precursor powder as well as 
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
ATR-FTIR spectra collected for the AAMs are presented in Figure A -D as marked. The series of wavenumber labels closest to the spectra represent bands observed in the spectra of the precursor, whilst the series of wavenumber labels furthest from the spectra represent bands observed in the spectra of the alkali-activated material.
Environmental scanning electron microscopy/energy dispersive X-ray spectroscopy
Back-scattered electron (BSE) images for each sample ( The elemental composition of each sample as determined by ESEM -EDX is reported in Figure 7 . The elemental composition is comparable with that of alkali-activated slag and slag/fly ash blends [52, 58] as well as that of synthetic C-(A)-S-H and N-A-S-H gels formed by a sol-gel method [6] , and reveals important compositional changes induced by differences in reaction mix chemistry.
The chemistry of sample A cured for 3 days lies within the region commonly associated with a C-(N)- 
29 Si MAS NMR
The 29 Si MAS NMR spectra for each precursor and AAM are presented in Figure 9 . Deconvolutions of the precursor spectra have been previously reported [11] while deconvolutions of the AAM spectra 7  5  3  0  2  0  28  13  10  13  8  1  2  0  180  19  14  21  10  1 Single-pulse 29 Si MAS NMR and 1 H- 29 Si cross polarisation (CP) MAS NMR spectra of the precursor and AAM for sample A are shown in Figure 11 . Si CP MAS NMR spectrum compared with the single-pulse 29 Si MAS NMR spectrum in the region attributed to Al-substituted Q 4 species ( 88 ppm to 120 ppm) indicates that these environments are anhydrous. The trends observed for sample A during alkali-activation are likely to be occurring for all samples.
Figure 11: Single-pulse 29 Si (grey) and 1 H - 29 Si cross polarisation (CP) (black MAS NMR MH H -activated material cured for 3 days for sample A. All spectra are normalised to constant total intensity (area under the curve) from 50 to 150 ppm to enable relative comparison.
Due to the presence of numerous phases within the precursors, as well as previous observations of preferential dissolution of Al over Si from aluminosilicate precursors produced using the same synthesis method [10], it is unlikely that congruent dissolution of the various Si coordination environments from the precursor will occur during alkali-activation. Rather, it is likely that dissolution of the depolymerised calcium silicate phase previously identified in the precursors [11] will occur faster than dissolution of the highly polymerised aluminosilicate phase. Using this observation, it is Preprint of a paper published in Cement and Concrete Research, 89(2016):120-135. Version of record is available at http://dx.doi.org/10.1016/j.cemconres.2016.08.010 32 thus possible to simulate the change in intensity of resonances in the 29 Si MAS NMR spectra due to consumption of individual Si species from each precursor phase, and use Gaussian peak profiles to deconvolute the 29 Si MAS NMR spectra of the AAMs. Relative quantification of each species identified in the deconvolutions at all timepoints is shown in Table 3 .
Upon alkali-activation of low-Ca precursors (samples A and C, Ca/(Al+Si)=0.67), increased Al content in the precursor of sample A results in a decrease in crosslinking species while exhibiting similar Al substitution within the C-(N)-A-S-H gel (Table 3 ). This can be attributed to the capacity for Al substitution into crosslinked species [21] . Consequently, increased Al content promotes the formation [72, 74] . The broad resonance will also contain a contribution from molecular H 2 O adsorbed from the atmosphere [72, 74] . Electron densities surrounding protons within the aluminate hydrates Mc, Hc and C 4 AH 13 will be very similar and consequently these protons are expected to resonate at very similar frequencies. Therefore, the intense, sharp resonance at approximately 1.7 ppm observed in each sample is attributed to protons within chemically bound water in these AFm phases. Although the intensity of this resonance is very small in the spectra for sample C, its presence at all ages indicates that a small amount of an AFm type phase has formed, which was not detectable by XRD or 27 Al MAS NMR. 
